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Introduction
The epilepsies have often been linked to deficits in GABAergic signaling. Synaptic currents induced when GABA binds to GABA A receptors are carried by chloride (Cl Ϫ ) and, to a lesser degree, by bicarbonate (HCO 3 Ϫ ). GABA A receptor-mediated conductances either hyperpolarize or depolarize a neuron depending on its internal Cl Ϫ and HCO 3 Ϫ concentrations and membrane potential. Pathological changes in Cl Ϫ homeostasis can switch GABAergic signaling from hyperpolarizing to depolarizing in epileptic tissue (Cohen et al., 2002; Haug et al., 2003; Khalilov et al., 2003) , but the basis of this change is unclear. Two cation-chloride cotransporters may be especially important in controlling neuronal Cl Ϫ (Payne et al., 2003; Sipila et al., 2006) : the Na-K-2Cl cotransporter NKCC1 loads neurons with Cl Ϫ and favors depolarizing responses to GABA, whereas the K-Cl cotransporter KCC2 normally extrudes Cl Ϫ , promoting hyperpolarizing responses.
Expression and function of both transporters are controlled at multiple levels. During development, KCC2 expression is upregulated and NKCC1 is downregulated (Plotkin et al., 1997; Rivera et al., 1999; Dzhala et al., 2005; Vanhatalo et al., 2005) . These changes coincide with a hyperpolarizing shift in the reversal potential of cortical pyramidal cell GABAergic responses (Ben-Ari et al., 1989; Payne et al., 2003; Farrant and Kaila, 2007) . In the adult, deafferentation and trauma downregulate KCC2, decrease Cl Ϫ extrusion, and induce a depolarizing shift in GABA A receptor-mediated responses (Katchman et al., 1994; van den Pol et al., 1996; Vale and Sanes, 2000; Nabekura et al., 2002; Rivera et al., 2002; Coull et al., 2003; Topolnik et al., 2003) . Furthermore, both KCC2 and NKCC1 are highly regulated by phosphorylation and other post-transcriptional mechanisms (Russell, 2000; Balakrishnan et al., 2003; Vale et al., 2003; Khirug et al., 2005; Blaesse et al., 2006; de Los Heros et al., 2006) .
Depolarizing GABAergic responses derived from changes in cotransporter function resulting in an elevated internal Cl Ϫ have been associated with epileptiform activity (Payne et al., 2003) . Paroxysmal activity downregulates KCC2 (Rivera et al., 2004) , and depolarizing GABAergic events are involved in the emergence of mirror epileptic foci (Khalilov et al., 2003) . In patients with temporal lobe epilepsies, depolarizing GABAergic events in a minority of subicular pyramidal cells (Cohen et al., 2002) contribute to interictal-like activity generated in the subiculum. A perturbed Cl Ϫ homeostasis could explain why pro-GABAergic drugs are generally ineffective in controlling temporal lobe seizures (Semah et al., 1998) .
We therefore examined GABAergic signaling and KCC2 expression in subicular pyramidal cells of patients with temporal lobe epilepsy and hippocampal sclerosis. GABA A -mediated IPSPs reversed at depolarizing potentials in ϳ20% of pyramidal cells. These cells did not differ electrically or anatomically from cells in which GABAergic inhibition was hyperpolarizing. In situ hybridization and immunocytochemistry showed that KCC2 mRNA and protein expression was absent from a minority of subicular pyramidal cells. Combining biocytin staining and immunostaining revealed KCC2 expression was perturbed in most cells that discharged during interictal events. We found that the diuretic bumetanide, which suppresses NKCC1-mediated Cl Ϫ accumulation, restored hyperpolarizing GABAergic signaling and blocked epileptiform activity.
Materials and Methods
Patients. Temporal lobe tissue was obtained from operations on patients (age range, 20 -56 years; seizures for 5-39 years) with epilepsies of the temporal lobe and hippocampal sclerosis. All patients gave a written consent, and our protocol was approved by the Comité Consultatif National d'Ethique.
Tissue preparation. Tissue was transported in a cold, oxygenated solution containing (in mM) 248 D-sucrose, 26 NaHCO 3 , 1 KCl, 1 CaCl 2 , 10 MgCl 2 , and 10 D-glucose, equilibrated with 5% CO 2 in 95% O 2 . Hippocampal-subicular slices of 400 m thickness (see Fig. 3A ) were cut with a vibratome. They were maintained at 35-37°C, equilibrated with 5% CO 2 in 95% O 2 , in an interface chamber perfused with a solution containing (in mM) 124 NaCl, 26 NaHCO 3 , 4 KCl, 2 MgCl 2 , 2 CaCl 2 , and 10 D-glucose. 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo quinoxaline-7-sulfonoamide (NBQX; 10 M) and D,L-APV (100 M) were used to block EPSPs.
Recordings. Intracellular records were usually made with microelectrodes that contained 2 M KAc bevelled to a resistance of 50 -90 M⍀. In some experiments to measure the intracellular correlates of population field potentials, the electrodes were filled with 50 mM N-(2,6-dimethylphenylcarbamoylmethyl)-triethylammonium bromide (QX-314) and 2 M CsAc to block spiking and to achieve an improved space clamp. The data were obtained within 10 -20 min of penetration, which was found to permit depolarization to potentials in the range of Ϫ30 to 0 mV. Presumably, intracellular Cs ϩ concentrations sufficed to block potassium and I h channels but were not high enough to inhibit KCC2 (Williams and Payne, 2004) , because hyperpolarizing GABA A reversal potentials were recorded under these conditions (see Results).
KAc in intracellular electrodes can affect measurements of responses mediated by GABA. In records from pyramidal cells in rat hippocampal slices, we found that reversal potentials of inhibitory synaptic events isolated in the presence of NBQX and D,L-APV and recorded with KAccontaining electrodes (n ϭ 4) were ϳ4 mV more positive than those obtained when electrodes contained K methylsulfate (n ϭ 4). This potential bias associated with KAc-filled electrodes seems unlikely to have affected the comparison of reversal potentials across a population of subiculum cells in epileptic tissue.
Signals were amplified with an Axoclamp 2B amplifier operated in current-clamp mode. In acceptable records, membrane potential was more negative than Ϫ50 mV, input resistance higher than 20 M⍀, and action potentials were overshooting. Extracellular records were made with tungsten electrodes of ϳ10 m tip diameter (Cohen and Miles, 2000) , using a differential amplifier (1700; AM Systems, Everett, WA). They were digitized with a 12-bit, 16-channel analog-to-digital converter (Digidata 1200A; Molecular Devices, Union City, CA) and saved on a personal computer. Double in situ hybridization. Slices were fixed in 4% paraformaldehyde, paraffinated, and cut at 7 m. The protocol for in situ hybridization was modified from Miller et al. (1993) . Sections were deparaffinated, rehydrated, incubated with proteinase K (7 g/ml in 50 mM Tris-HCl and 5 mM EDTA, pH 8.0), washed in PBS, and acetylated (1.5 mM triethanolamine-HCl, 29.3 mM HCl, and 24 mM acetic anhydride) for 10 min. For hybridization, both digoxigenin (Dig)-labeled and S 35 -labeled probes were dissolved in a solution containing 60% formamide, 0.3 M NaCl, 20 mM Tris-HCl, pH 8.0, 10% dextran sulfate, Denhart's solution (0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% bovine serum albumin), 0.5 mg/ml yeast tRNA, and 100 mM ditriothreitol. Posthybridization washes were followed by incubation with alkaline phosphataselabeled anti-Dig antibody (1:500) in blocking solution [0.1 M maleic acid, 0.15 M NaCl, 2% Boehringer Mannheim (Mannheim, Germany) blocking reagent, 10% sheep serum, 0.1% Tween 20, and 2 mM levamisole]. Sections were washed, developed with BM purple (2 mM levamisole), and dehydrated. They were exposed to Biomax MR film at Ϫ70°C for 1 week and dipped into NTB2 nuclear emulsion (Kodak, Rochester, NY).
Oligodeoxyribonucleotide probes were complementary to human calcium/calmodulin-dependent protein kinase II (CaMKII; BC040457, 3899 -4807 bp) and human KCC2 (NM_020708, 4605-5566 bp). Fragments were cloned into pBluescript SK or a pGEM-T vector (Promega, Madison, WI). Clones were linearized by restriction digest and used as templates to generate sense and antisense S 35 -labeled or Dig-labeled riboprobes. The volume densities of single-and double-labeled cells were measured following the optical fractionator probe method (West et al., 1991) using the Stereo Investigator software (MicroBrightField, Williston, VT). At least three sections per hippocampal slice per case were used. Calculations were made from photomicrographs from the different regions randomly selected by the Stereo Investigator software and of origin unknown to the investigator.
Morphology. Biocytin was injected from electrodes containing 1.6% in 2 M KAc (1.5 nA depolarizations of 200 ms duration repeated at 1-3 Hz for at least 20 min). After 1 h, slices were fixed in 4% paraformaldehyde with 15% picric acid in 0.1 M PBS at 4°C. They were resectioned at 70 m and freeze-thawed above liquid N 2 in phosphate buffer (PB) containing 30% sucrose. Neurons were visualized by avidin-Texas Red (3 h, 1:500; Vector Laboratories, Burlingame, CA) with avidin-biotinylated horseradish peroxidase (ABC; 1:800; Vector Laboratories). Then, an additional immunostaining was performed (see below) on the sections containing filled cells. Cells containing biocytin were revealed with the ABC reaction (1.5 h, 1:250) using diaminobenzidine (DAB) (Sigma, St. Louis, MO) as the chromogen. Sections were osmicated (20 min, 4% OsO 4 ), dehydrated, and mounted in Durcupan (ACM; Fluka, Buchs, Switzerland). Morphology was analyzed without knowledge of electrophysiological results from labeled cells.
Immunohistochemistry. Sixty-micrometer-thick sections were cut from fixed tissue (see above), washed with PB, and freezed-thawed over liquid N 2 in PB containing 30% sucrose. Endogenous peroxidase activity was blocked with 1% H 2 O 2 . Nonspecific staining was suppressed with milk powder and 2% BSA containing 0.1% Triton X-100. KCC2 immunostaining used a polyclonal rabbit antibody (Payne et al., 1996) (24 h, 1:2000 dilution, 4°C). In some experiments, it was revealed with the immunoperoxidase DAB method. After the KCC2 antibody, a biotinylated anti-rabbit secondary antibody was applied (2 h, 1:250; Vector Laboratories), followed by the ABC reaction for 1.5 h (1:250) and DAB as the chromogen. Sections were osmicated, dehydrated, and mounted in Durcupan. In other experiments to reveal KCC2 immunostaining of biocytin-filled cells, an Alexa488-bound mouse anti-rabbit fluorescent secondary antibody (3 h, 1:250; Invitrogen, San Diego, CA) was used. Images of fluorescent immunostaining were made with a confocal microscope (SP2; Leica, Nussloch, Germany). The specificity of immmunostaining was verified according to the following criteria: (1) incubating sections without primary antibody gave no specific staining; (2) somatic or perisomatic dendritic membrane was clearly stained; and (3) membrane staining could be distinguished from nonspecific lipofuscin autofluorescence.
Cell count. KCC2-positive and -negative principal cells in the dentate and subiculum were counted from KCC2-immunostained sections (DAB). Only surface cells with a cut, visible nucleus were counted.
Monkey tissue. Monkey hippocampal tissue from two adult animals (Macaca mulata) that were perfused for other studies was received as a gift from Istvan Ulbert (Institute for Psychology, Hungarian Academy of Sciences, Budapest, Hungary) and Zsofi Magló czky. (Institute of Experimental Medicine, Hungarian Academy of Sciences, Budapest, Hungary). All procedures followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved in advance by the Institutional Animal Care and Use Committee. Animals were deeply anesthetized by a lethal dose of pentobarbital and, immediately after cardiac arrest, were perfused through the heart with cold (4°C) saline, followed by cold 4% paraformaldehyde dissolved in 0.1 M PB, pH 7.4. After perfusion, the brains were removed and hippocampal blocks were cut out and sectioned. Sixty-micrometer-thick sections were treated identically to human tissue.
Statistical analysis. Data are given as mean Ϯ SD. We used the 2 test, Student's t test, and an ANOVA as appropriate with a significance level of p Ͻ 0.05.
Results

Cellular behavior during interictal-like activity
In an external solution containing 4 mM potassium, spontaneous interictal-like activity was generated in the subiculum of slices from epileptic patients (112 of 145 slices from 24 of 27 patients). It consisted of bursts of firing of 20 -50 ms duration associated with field potentials of amplitudes of 20 -200 V. Interictal-like bursts recurring at intervals of 0.5-5 s were recorded from a region of 3-5 mm 2 . Little multiunit activity and no population synchrony were recorded from the dentate gyrus, the CA1 area, or the entorhinal cortex.
Intracellular recordings (n ϭ 102) showed that ϳ20% of subiculum cells were depolarized and sometimes fired, whereas the remainder of cells were inhibited during epileptiform events. We compared the electrical properties of a similar number of neurons that were depolarized (n ϭ 35 cells) (Fig. 1 B) or hyperpolarized (n ϭ 37) (Fig. 1 A) during interictal-like events. The resting potential of cells that received depolarizing synaptic events was Ϫ61.4 Ϯ 4.2 mV, and their mean input resistance was 22.9 Ϯ 7.2 M⍀ (mean Ϯ SD; n ϭ 35). The resting potential of hyperpolarized cells was Ϫ59.1 Ϯ 7.8 mV, and input resistance was 24.3 Ϯ 11.7 M⍀ (mean Ϯ SD; n ϭ 37). Neither membrane potential nor input resistance was related to the polarity of cellular responses during interictal bursts (ANOVA; membrane potential; F (4,90) ϭ 1.93, p ϭ 0.11; input resistance: F (4,97) ϭ 0.95, p ϭ 0.43). Furthermore, membrane potential was not correlated with the reversal potential of GABAergic synaptic responses in 30 cells tested (bivariate fit; correlation, 0.18; p ϭ 0.35). The intracellular correlates of population field potentials reversed at Ϫ54 and Ϫ48 mV for two cells that discharged with field potential and at potentials between Ϫ73 and Ϫ61 mV for four cells that did not fire during interictal-like events (records with electrodes containing 50 mM QX-314 and 2 M CsAc; data not shown).
Neurons of human epileptic subiculum, as in the rodent (Stewart and Wong, 1993) , either fire in bursts or discharge repetitively. The proportions of these cell subtypes that were depolarized (17 burst firing vs 16 regular firing neurons) or hyperpolarized (14 vs 20) during interictal activity were not significantly different ( 2 test, p ϭ 0.40). We next asked whether neuronal behavior during interictal events was correlated with cell morphology, comparing the anatomy of biocytin-filled cells from the two groups (Fig. 1) . Reliably filled cells (n ϭ 23) all possessed a pyramidal-shaped soma, a thick apical dendrite, and thinner basal dendrites ramifying toward the alveus. Twelve cells were depolarized during interictal events, and 11 pyramidal cells were inhibited. Pyramidal cell location within the subiculum was not related to their depolarizing or hyperpolarizing activity during population bursts. Deeper pyramidal cells of the internal pyramidal layer (n ϭ 14) had long apical dendrites spanning all layers, whereas more superficial cells of the external pyramidal layer (n ϭ 9) had shorter apical dendrites (Amaral and Insausti, 1990; Menendez de la Prida et al., 2003) . The cells that were hyperpolarized during interictal-like events included five neurons in the internal pyramidal layer, six neurons in the external pyramidal layer, and two cells with apical dendrites that ramified near the soma. Cells discharging during population bursts included nine neurons in the internal pyramidal layer, three neurons in the external pyramidal layer, and one cell with an apical dendrite that divided near the soma. Dendritic arbors of cells that discharged and those that were inhibited were similar.
Chloride homeostasis is impaired in some subicular pyramidal cells
We next examined GABAergic signaling to confirm that it depolarizes some subicular pyramidal cells and to ask whether these cells form a separate population from those where GABA induces hyperpolarizing responses.
Subicular pyramidal cells were recorded from regions where an interictal-like activity was detected extracellularly. GABAergic synaptic events were evoked by focal electrical stimulation in the presence of NBQX (10 M) and D,L-APV (50 M). The reversal potential of synaptic events, measured from responses at different potentials (Fig. 2 A, B) varied between Ϫ49 and Ϫ83 mV (n ϭ 30 cells). The distribution was skewed with a tail of depolarized values, a mode near Ϫ70 mV, and no clear division into two cell groups. Subgroups could be separated according to driving force (Fig. 2C) . In 24 of 30 cells (80%), synaptic events reversed negative to resting potential: mean resting potential was Ϫ61.5 Ϯ 5.9 mV, and reversal potential was Ϫ70.2 Ϯ 6.7 mV (mean Ϯ SD; n ϭ 24). In six cells, synaptic events reversed depolarized to rest: mean resting potential was Ϫ61.8 Ϯ 4.6 mV, and reversal potential was Ϫ53.7 Ϯ 4.9 mV (mean Ϯ SD; n ϭ 6). There was no difference in the mean resting potential of these groups (t test; t ϭ Ϫ0.11; p ϭ 0.91). As expected, the mean IPSP reversal potential in depolarized cells was more positive than in hyperpolarized cells (t test; t ϭ 5.61; p ϭ 0.00001). Thus, although GABAergic signaling is perturbed, pyramidal cells do not clearly fall into two separate groups.
KCC2 mRNA expression in epileptogenic human tissue
Reduced expression of the K-Cl cotransporter KCC2 might explain a depolarizing shift in IPSP reversal potential. We therefore developed a double in situ hybridization protocol to examine KCC2 mRNA in principal cells, detected according to their expression of CaMKII␣ (Sik et al., 1998) . Because KCC2 has been shown to be strongly expressed in pyramidal cell dendrites (Gulyas et al., 2001), we reasoned that somatic mRNA labeling with in situ methods might facilitate KCC2 detection. KCC2 mRNA was detected by Dig/BM purple labeling in cells of the dentate granule, the sclerosis-resistant CA2 region, and the subiculum (Fig. 3A) . CaMKII␣ mRNA expression, detected by S 35 radioactive labeling, was used to identify principal cells (Sik et al., 1998) . We evaluated the proportion of cells expressing both mRNAs in distinct areas of slices from 13 epileptic patients (Fig.  3C-G) . Analysis of the density of single-and double-labeled cells in the different hippocampal regions is shown in Table 1 . Almost all granule cells (98 Ϯ 2%) and nearly all (96 Ϯ 4%) CA2 pyramidal cells expressed KCC2 mRNA. The proportion of KCC2-negative neurons in the subiculum was higher than in the dentate and CA2 and tended to increase with distance from the border with CA1. KCC2 mRNA was detected in 82 Ϯ 5% of subiculum cells proximal to CA1 and 67 Ϯ 10% of distal subiculum cells (Fig. 3H) . In distal regions, KCC2-negative/CaMKII␣-positive neurons were sometimes arranged in clusters of three to four cells.
KCC2 protein immunodetection in subicular pyramidal cells
We next examined expression of KCC2 protein in human epileptogenic subiculum using a specific antibody and DAB as the chromogen (Fig. 4) . Discrete immunostaining for KCC2 was detected on the perisomatic and dendritic membrane of most pyramidal cells (Fig. 4 A) . Presumed interneurons, with a nonpyramidal morphology, also showed strong KCC2 staining (Fig. 4C) . We compared pyramidal cells in both proximal and distal zones of the subiculum (1673 cells in specimens from six patients) with dentate granule cells (n ϭ 856 from six patients). The proportion of pyramidal cells that were immunonegative for KCC2 (Fig. 4 D) was 10.6 Ϯ 1.9% (mean Ϯ SD) in proximal subiculum near the CA1 region, 9.5 Ϯ 1.4% in distal subiculum closer to the presubiculum, and 3.2 Ϯ 3.3% in the dentate gyrus. As a control, we examined KCC2 expression in subicular pyramidal cells of tissue obtained from two healthy monkeys perfused in the course of other studies (data not shown). All 266 cells examined in the distal subiculum and 305 of 306 cells analyzed in the proximal subiculum were KCC2 immunopositive. These data suggest that KCC2 is nearly universally expressed by subicular pyramidal cells in the healthy adult primate.
Correlation between single pyramidal cell behavior during interictal-like activity and KCC2 expression Our data show that Cl Ϫ homeostasis, determined from the reversal of GABA-mediated synaptic events, is perturbed in a minority of subicular pyramidal cells (Fig. 2) and that expression of KCC2 mRNA (Fig. 3) and protein (Fig. 4) is reduced in the subiculum. We next attempted to compare the state of Cl Ϫ homeostasis and KCC2 expression in a single cell. Recorded pyramidal cells with known behavior during interictal activity were identified by biocytin labeling, and KCC2 was detected by immunostaining (Fig.  5) .
Pyramidal cell behavior during interictal events was classed as depolarizing or hyperpolarizing. KCC2 expression of biocytinfilled cells was assessed by merging biocytin and KCC2 labeling in confocal images. Satisfactory double labeling was observed for six pyramidal cells that were hyperpolarized during interictal-like events. All six cells expressed KCC2 (Fig. 5A ) on both perisomatic and dendritic membrane. Satisfactory biocytin filling and KCC2 immunolabeling was also achieved for seven pyramidal cells that depolarized during population bursts. Three of seven biocytinfilled cells expressed KCC2. Neither diffuse nor discrete KCC2 expression was detected in four biocytin-filled cells that depolarized during epileptiform bursts (Fig. 5B) .
Bumetanide, an Na-K-2Cl antagonist, suppresses interictal-like activity A reduced KCC2 expression together with Cl Ϫ accumulation mediated by the cotransporter NKCC1 might produce depolarizing responses to GABA. We therefore asked whether the loop diuretic bumetanide, at doses that block specifically the Na-K2Cl transporter (Payne, 1997) , affects epileptiform activity in adult subiculum. We first examined its effects on IPSPs induced by focal stimulation in the presence of NBQX (10 M) and D,L-APV (50 M). In four cells, bumetanide (5-10 M) induced a negative shift in the IPSP reversal potential from Ϫ68.9 Ϯ 10.8 to Ϫ78.7 Ϯ 10.8 mV (Fig. 6 A) .
We next examined the effects of bumetanide (5-10 M) on spontaneous epileptiform activity. In all 10 slices tested, interictal-like activity was suppressed over a period of 30 -65 min, consistent with the time needed to establish a new steadystate level of internal Cl Ϫ (Fig. 6 B) . Recovery of interictal-like activity after bumetanide washout occurred progressively over 40 -80 min and was partial as judged by the amplitude of extracellular field potentials. To demonstrate that bumetanide acted via GABAergic signaling rather than by changing cell volume (Hochman et al., 1995) we induced interictal activity (n ϭ 5 of 5 slices) by increasing K ϩ to 12 mM in the presence of picrotoxin (100 M). This activity was thus independent of GABA A receptors and, as shown in Figure 6C , was not suppressed by application of bumetanide (10 M; n ϭ 5 of 5 slices) for durations exceeding 60 min.
Discussion
Temporal lobe tissue obtained after surgery provides an opportunity to study pathological changes in neurons and networks of human epileptic patients. We have previously shown that depolarizing GABAergic signaling contributes to epileptiform activity in this tissue (Cohen et al., 2002 ). Here we report that GABA A reversal potentials in subicular pyramidal cells followed a continuous distribution, from hyperpolarized to depolarized values with respect to rest. The Cl Ϫ -extruding K-Cl transporter KCC2 was not detected by immunostaining in some, but not all, subicular cells with a perturbed Cl Ϫ homeostasis. The diuretic bumetanide, which blocks the Na-K-2Cl cotransporter, restored hyperpolarizing GABAergic responses and suppressed interictal-like activity.
We showed that GABAergic synaptic events reversed at depolarized potentials from rest in ϳ20% of subicular pyramidal cells, a value similar to that reported previously (Cohen et al., 2002) . The reversal potential distribution followed a continuum with no clear division into two cell groups (Fig. 2 B) . There were no obvious differences in the anatomy or physiology of cells from the extremes of the distribution. The observed IPSP reversal potentials of Ϫ75 to Ϫ45 mV are consistent with a variable reduction in KCC2 function in subicular pyramidal cells (Rivera et al., 1999; Ueno et al., 2002; Gulacsi et al., 2003) . A similar shift in GABA reversal potential, associated with a loss of KCC2 function, has been observed in pathological conditions including trauma, deafferentation, and paroxysmal activity (Vale and Sanes, 2000; Nabekura et al., 2002; Rivera et al., 2002 Rivera et al., , 2004 Coull et al., 2003; de Guzman et al., 2006) . We identified a group of neurons with depolarized reversal potentials for GABA A -mediated synaptic responses at the extreme of a continuous distribution. We therefore compared these neurons that discharge with epileptiform field potentials with neurons with more hyperpolarized reversal potentials. In the absence of true control tissue, we feel this is a meaningful comparison. Normal human subiculum cannot be obtained, and although tumor surgery can provide nonepileptic tissue, the subiculum is rarely removed unless it is infiltrated by the tumor.
We asked whether changes in the expression of the cotransporter KCC2 could account for the perturbation of Cl Ϫ homeostasis. Immunohistochemical and in situ data showed nearly all dentate granule cells expressed both mRNA and KCC2 protein. In contrast, no KCC2 mRNA was detected in ϳ30% of subicular pyramidal cells (Fig. 3) . Immunohistochemistry showed that although a majority of subicular cells expressed KCC2 at both somatic and dendritic membrane sites, it could not be detected in ϳ10% of pyramidal cells. This difference recalls the larger reduction in mRNA than in protein observed for KCC2 in the subiculum of pilocarpinetreated rats (de Guzman et al., 2006) .
We should note that although immunochemistry and in situ hybridization can demonstrate the presence of a protein or mRNA, it is difficult to derive firm quantitative data. Because several amplification processes are involved, labeling may vary between different samples. In contrast, reversal potentials of GABAergic events (Fig.  2 B) yielded a continuum of values. Thus, whereas in situ hybridization and immunodetection results provided a binary form of data, reversal potential data varied continuously over a range.
Despite the difficulty in comparing these two types of data, we found a clear correlation between the activity of biocytin-filled cells during rhythmic interictal activity and immunohistochemical evidence for KCC2 expression. All cells inhibited during population bursts expressed KCC2. Four of seven identified cells that discharged with interictal population bursts did not express KCC2; the other three cells did. This result might be interpreted in several ways. First, immunostaining may recognize low levels of KCC2 that are not sufficient to assure basal Cl Ϫ homeostasis in pyramidal cells. Second, immunodetected KCC2 may not be functional because of its phosphorylation state or other posttranslational mechanisms (Kelsch et al., 2001; Balakrishnan et al., 2003; Vale et al., 2003; Kahle et al., 2005; Khirug et al., 2005; Blaesse et al., 2006) . For instance, the depolarizing shift in GABA reversal potential induced by deafferentation of the colliculus has been attributed to posttranslational modifications rather than reduced KCC2 expression (Vale et al., 2003) . Third, other molecules that participate in Cl Ϫ homeostasis (Staley et al., 1996; Payne et al., 2003; Farrant and Kaila, 2007) may contribute to the shift in GABAergic signaling associated with interictal rhythmicity in human epilepsy.
A recent immunolabeling study in human epileptic tissue has suggested that the Cl Ϫ -accumulating cotransporter NKCC1 is upregulated and KCC2 downregulated in some subicular cells of epileptic patients (Munoz et al., 2007 (Yin, 1996) . D, Correlation of IPSP reversal potential with the presence (yellow) or absence (red) of KCC2 (n ϭ 13). Depolarizing GABAergic events are positive, and hyperpolarizing events are negative.
NKCC1 mRNA and a downregulation of KCC2 mRNA in the human epileptic subiculum compared with hippocampus and lateral neocortex (Palma et al., 2006) . Our results with the antagonist bumetanide (Fig. 6 ) also suggest that NKCC1 is expressed in adult epileptic subiculum. A partial loss of KCC2 function together with an increased NKCC1 expression could affect cellular energy metabolism. Ultimately, both cotransporters depend on gradients established by the Na-K ATPase, using, respectively, K ϩ and Na ϩ gradients to extrude or import Cl Ϫ ions (Payne et al., 2003) . An impaired KCC2 function could tend to decrease the metabolic costs of maintaining cation gradients. Nevertheless, we identified no other anatomical and electrical properties that could distinguish between cells with a perturbed Cl Ϫ homeostasis and the majority of subicular pyramidal cells with hyperpolarizing responses during interictal-like events.
Novel therapeutic options are needed for epilepsies of the medial temporal lobe because existing pharmacotherapies are not optimal. Specifically, drugs that reinforce GABA release or enhance GABA conductances are often ineffective. Our data (Fig.  2) showing that GABA excites some pyramidal cells and inhibits other cells may help explain this poor efficacy. The observation that bumetanide suppressed spontaneous interictal activity (Fig.  6 B) adds to evidence that some diuretics may be effective antiepileptic drugs (Dzhala et al., 2005) . The effect was mediated via GABAergic signaling rather than possible effects on cell volume (Haglund and Hochman, 2005) . Bumetanide can therefore restore dysfunctional Cl Ϫ homeostasis at postsynaptic sites in adult epileptic tissue. It would be interesting to test its effects on seizure frequency in patients with temporal lobe epilepsies. 
